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© Coil array for MWD well logging. 



© A coil array for installation on a MWD drill collar (12) for use in a resistivity logging system, comprises 
upper (30) and lower (32) coil support rings each supporting individual coil segments (A,B,C,D) and 
connected by suitable magnetic shorting bars (34,36,38,39). The coil segments and shorting bars 
inscribe a specified solid angle or azimuthal extent By connecting the outputs of the several coils 
through a combining circuit, the coils on a single coil form can be connected in series additive, or 
substractive relationship. Through the use of two such coil forms with aligned coils on each, an 
azimuthally oriented window is thereby defined. By proper switching multiple azimuthally oriented 
windows can be made operative so that there is an azimuthal orientation to the current flow pattern 
relative to the MWD resistivity logging tool. 
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This invention relates to a coil array for MWD 
(measurement while drilling) well logging, and to a 
method of its use. 

MWD logging systems are often mounted in the 
sidewall of a drill collar. A drill collar is a joint of drill 
pipe which has an extra thick wall, in which the logging 
apparatus is normally installed. U.S. patent no. 
3305771 (Arps) describes the current conventional 
resistivity logging technology. We have now devised 
an improved system. 

The method described in U.S. patent no. 
4,786,874 contemplates the asymmetrical generation 
of current in the formation by a current electrode 
placed on one side of the drill collar, and the sensing 
of formation asymmetrical voltage distribution by a 
voltage sensing electrode, with both electrodes 
placed on an insulated section of the drill collar. The 
insulated section of drill collar is a severe drawback 
in the disclosed system because it is structurally 
fragile and capable of breaking during drilling. By con- 
trast, the present invention attacks and solves this 
problem by generating an axisymmetric current flow 
from a transmitting toroid spaced at some distance 
from the receiver coils described hereinafter, and 
sensing the perturbations of the current flow caused 
by asymmetry in the formation conductivity, wherein 
the perturbations are sensed by the unique receiver 
coil configuration. 

According to the present invention, there is pro- 
vided a coil array for a MWD resistivity logging system 
wherein the coils are for installation on an elongate 
generally cylindrical support member, the coil array 
comprising a pair of first and second circumferential 
coil support forms each of which supports separate 
first and second coils thereon and wherein said first 
circumferential form is to be positioned at a specified 
location along said support member, and said coils 
are diametrically oppositely wound thereon, said sec- 
ond and parallel circumferential coil support form has 
its two coils diametrically oppositely wound thereon, 
and wherein all of said coils are collectively connected 
to switching means for combining signals therefrom 
and for generating signals corresponding to various 
connections of the several coils. 

The invention also includes a method of sensing 
current flow relative to a resistivity logging system 
supported in a MWD apparatus, the method compris- 
ing the steps of: 

(a) positioning at least a pair of diametrically 
opposed separate coils at different circumferen- 
tial azimuths but on a common coil support form 
about a circumference of a drill collar; and 

(b) combining additively or substractively accord- 
ing to a predetermined relationship currents flow- 
ing in the individual coils on the coil form to sense 
symmetrical current flow in all directions around 
the coil form or to control lably provide azimuthally 
preferential current sensing. 



In the present invention, a set of coils is used 
which can be operated so that, in one connection, the 
current flow through the formation is in a horizontal 
plane (normal to a vertical well) and symmetrically in 

5 all azimuthal directions around the tool axis. In 
another mode of operation, the current flow through 
the formation is sensed in a particular azimuthal direc- 
tion. By the appropriate combination of coil connec- 
tions described hereinafter, the present system so 

10 deploys the coils that differential signals are taken be- 
tween current measurements at selected windows or 
locations on the drill collar and a highly sensitive res- 
ponse is obtained. This sensitivity can be used to 
determine the particular location of the well borehole 

15 because it provides information about the location of 
the drill collar relative to adjacent conductive rock 
beds, particularly in deviated wells, and ultimately 
even in horizontal drilling of a deviated well. For des- 
criptive purposes, the tool is set forth in a vertical well 

20 and references to horizontal and vertical should be 
viewed in that context. This does not preclude use in 
a deviated well, or even in a horizontal well. 

Preferably, in accordance with the present inven- 
tion, the apparatus of the invention has a window 

25 array which preferably has two coils thereon where 
the window array is approximately rectangular in 
shape. The top and bottom edges of the rectangular 
window coil toroids are arranged at the same azimuth 
on the drill collar. The remaining two sides of the win- 

30 dow coil toroids are vertical along the drill collar, thus 
defining a four sided window permitting current to flow 
through the window. This kind of construction with 
appropriate switching provides a plurality of coil seg- 
ments which can be connected to form a current fo- 

35 cusing window in the form of a four sided window 
which directs current flow through the adjacent for- 
mations based on the geometry and azimuth of that 
particular window. By means of a signal combining cir- 
cuit, the coils can be rearranged cooperative with 

40 other and similar coil defined windows at the same or 
different locations on the drill collar so that conven- 
tional current flow patterns can occur. This is particu- 
larly helpful where a deviated well is drilled. 
Ordinarily, a well is drilled vertically for at least a por- 

45 tion of its depth. After vertical drilling has penetrated 
the earth to a certain depth, it is then often necessary 
to deviate the well. To illustrate the point, assume that 
a well is drilled vertically for several thousand feet 
(1 000 feet is 305m) and is then deviated to a horizon- 

so tal direction. When it is vertical, it is typically normal 
to the geological formations traversed by the 
borehole. The present apparatus is able to operate 
when the wells are vertical. The current is injected in 
all directions through the adjacent formations to pre- 
ss vide resistivity measurements of the respective for- 
mations penetrated by the well borehole. However, 
when the well is deviated to horizontal, it may be 
necessary to guide the horizontal drilling process so 
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that the horizontal portion is formed entirely within a 
single formation. Assume that the formation has defi- 
nitive top and bottom boundaries with electrical resis- 
tivity different from that of the formation, and is of 
substantial interest for possible production. In that 
case, the horizontal drilling process may involve guid- 
ing the well during drilling to assure that it is approxim- 
ately centered between the top and bottom 
boundaries of the formation. If the formation is thirty 
feet (9.1m) thick, this provides a quite narrow target 
for the horizontal portion of the well borehole. In this 
instance, it is very helpful to convert from sensing cur- 
rent flow patterns which are symmetrical in all direc- 
tions to a focused azimuthal current sensing mode of 
operation. The present apparatus contemplates a 
dual mode of operation so that the toroids arranged 
around the drill collar sense current in preferred 
azimuthal directions thereby providing a focus which 
is able to indicate resistivity along particular direc- 
tions. One important benefit of this is the ability to dis- 
tinguish changes in resistivity as the well deviates 
within the formation of interest and begins to 
approach either the upper or lower boundaries 
thereof. The current flow region is thus distorted in a 
particular azimuthal direction, yielding a measure of 
resistance contrast, and that measure is tied to the 
precise position of the measuring equipment at the 
instant of that current reading so that the resistivity 
data indicates the location of the interfaces defining 
the formation of interest. An example will be given so 
that this will become more clear hereinafter. The vir- 
tues just mentioned represent features which are an 
advance over the art,, one representative structure 
being the ELIAS tool of Bureau de Recherches 
Geologiques et Minieres. This also is an advance over 
U.S. patent 4,786,874 which discloses a system 
showing a MWD tool having isolated current injection 
electrodes 30 at specific locations thereon. 

The present apparatus also incorporates a 
method of operation which permits simultaneous 
measurement of uniform current injection in axisym- 
metric directions and one which is specific for a par- 
ticular azimuth.ln order that the invention may be 
more fully understood, embodiments thereof will now 
be described by way of example only with reference 
to the accompanying drawings, wherein: 

Fig. 1 shows a MWD logging system used in dril- 
ling a well wherein a drill collar encloses a MWD 
measuring tool incorporating a coil section in 
accordance with the teachings of the present 
invention; 

Fig. 2 is an enlarged detailed view of one embo- 
diment of the invention wherein the coils are 
installed at an azimuthally directed window hav- 
ing four sides and supporting four coil sections 
wherein the currents flowing in the coils are selec- 
tively recombined to provide azimuthal and sym- 
metrical current sensing; 



Fig. 3 is a sectional view through the drill collar of 
Fig. 2 showing field lines from the coil elements; 
and 

Fig. 4 is a schematic block diagram of one embo- 

5 diment of signal combination circuit and multip- 

lexer for converting the data so that coil signals 
are summed to provide different indications. 
Attention is now directed to Fig. 1 of the drawings 
where the numeral 10 identifies a resistivity measur- 

10 ing apparatus which is incorporated in a drill collar 12 
which is threaded in the drill stem just above a drill bit 
14 for drilling purposes. An open hole is shown at 16, 
it being appreciated that the hole is normally filled with 
drilling fluid which is pumped down into the well 

15 borehole 16 from the surface. The drill collar 12 is 
threaded to and serially connected with a drill string 
1 8 made up of drill pipe which may be rotated by a rot- 
ary drilling rig at the surface. The drill string is rotated 
in the normal or vertical drilling procedure. The drill 

20 string may be pushed into deviated wells without rota- 
tion. The collar 12 is assumed for descriptive pur- 
poses to be vertical but this disclosure applies to all 
angles of wells. The MWD equipment in the present 
apparatus includes a set of directional sensors 20 

25 which are mounted in the drill collar. In addition, there 
is an electronics package which provides suitable sig- 
nals for control and operation of the resistivity 
measuring equipment. The electronics package 
includes a conventional resistivity logging tool, it is 

30 provided with a system of coils in the coil section built 
into the sidewall of the drill collar 12. The output of the 
system is not otherwise distinguishable when it is 
being operated in the symmetrical on the azimuthally 
sensitive current flow pattern. That is, current is injec- 

35 ted into the adjacent formations in the conventional 
fashion using one or more current transmitting 
toroidal coils and one or more current sensing toroidal 
coils, so that measurements are obtained thereby. To 
this end, an array of coils will be included, that is, coils 

40 for injecting and sensing the current in the formation. 
There may be guard coils to localize current flow and 
other coils deployed in the equipment. They remain 
unaltered and function in the ordinary fashion. 

One important feature of the present disclosure is 

45 directed to the current sensing coils which are 
included in the drill collar 12. For a better understand- 
ing of this, attention is now directed to Fig. 2 of the 
drawings where the numeral 12 identifies the suppor- 
tive drill collar. It is shown in simplified fashion with the 

so axial passage therethrough omitted. The collar 12 
supports a window which faces in a particular direc- 
tion. For purposes of definition, the 360° of azimuth is 
divided in this instance into four windows which each 
encompass various angles chosen to provide various 

55 degrees of focussing. That is to say, there is a coil 
support form which is an upper receiver toroid 30, and 
it supports two coils thereon. The coils are described 
hereinafter for nomenclature purposes as A, B, C and 
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D so that there are coils 30 A , 30 B , 30 c and 30 D where 
the subscripts refer to the four positions on the coil 
forms. In addition, there is a lower receiver coil sup- 
port 32 and it likewise supports two coils which are 
indicated by appropriate subscripts. The upper and 
lower toroids 30 and 32 are joined by vertical bars. 
The vertical bars define azimuthally oriented rectan- 
gular windows. The coil support forms and the vertical 
bars are constructed of a suitably laminated ferromag- 
netic material with a high magnetic permeability. This 
assembly constitutes a magnetic circuit having four 
possible closed loops (toroids) through which mag- 
netic flux may circulate, and which define four win- 
dows. As shown in Fig. 2, the vertical bars 34 and 36 
cooperate with the coils 30 B and 32 B to define a win- 
dow that encloses a current sensing electrode on the 
surface of the drill collar. This window is duplicated at 
other locations; a description of one window will suf- 
fice for all the windows. The window is thus defined by 
two straight line segments and two sections of arc of 
toroidal magnetic circuits. 

Each of the coils terminates at two-end connec- 
ted terminals. Thus, a particular coil is made of a 
specified number of turns between the two ends. The 
two output conductors from the coil encompass that 
specified number of turns. Ideally, the two coils 30 B 
and 30 c are identical in turns, and the toroids are iden- 
tical. Symmetry is preferably preserved between the 
toroids 30 and 32 so that certain subtractive steps or 
additive steps in operation create symmetrical results. 
Also, the angles encompassed by windows defined by 
the coil positions may preferably be less than 90°, for 
example 30°, to provide more directional focussing of 
the azimuthai current sensing. 

In Fig. 2, the opposite coils on the toroids 30 and 
32 define a opposite facing toroid window. Again, like 
the first window, it is formed of two segments 38 and 
39. The coils at the top and bottom of that window bear 
the notations 30 A and 30 D . 

Fig. 3 of the drawings shows a typical focused 
field pattern. Note that the toroid 30 is shown, and the 
coupling bars 34, 36, 38 and 39 are likewise included. 
Depending on the manner in which the various coils 
are used, the current sensed is preferentially directed 
along a particular azimuth. The arrangement shown in 
Fig. 3 illustrates how focused current lines provide an 
azimuthai preference around the MWD drill collar. As 
will be described, this is particularly useful where the 
drill collar is in a deviated portion of the well. If, for inst- 
ance, the well is horizontal at this location, the lines 
of flux shown in Fig. 3 may well extend upwardly to the 
bed boundary defining the formation in which the well 
is drilled. This can be used as a control mechanism to 
thereby provide a mechanism for centering the well at 
a particular location in the formation, typically equidis- 
tant from the top and bottom boundaries of the bed . 

Going now to Fig. 4 of the drawings, the present 
apparatus further includes multiple coils as indicated 



there and they are connected to a combining circuit 
40. There is also a current generating circuit 48 which 
is preferably a sinusoidal oscillator operating at a fre- 
quency of about 1 khz, that energizes a transmitting 

5 toroidal coil 50. In an alternative method, two transmit- 
ting toroidal coils are energized simultaneously, and 
are spaced at equal distance above and below the 
receivers. The combining circuit provides summed 
signals, as will be described, to a multiplexer 42. 

w Additional input to the multiplexer 42 are positional 
signals indicating the directional orientation in space 
of the MWD drill collar. The sensors 20 are input to the 
multiplexer 42. That provides an output signal to the 
MWD transmitter 46 which forms a data string which 

15 is sent to the surface. Considering now the details of 
Fig. 4, a representative example of operation will 
show how the combining circuit 40 is operated. 
Assume as an easy example, that the MWD system 
is in a vertical portion of the hole and that the adjacent 

20 formations are horizontal, or they are normal to the 
well borehole. Assume further that conventional resis- 
tivity logging operations are to be carried out with this 
equipment. In that event, the members 30, 32, 34, 36, 
38, 39 (see Fig. 2) support multiple coils and in one 

25 embodiment, support the coils 30 A , 30 B , 30 c and 30 D . 
These four coils are operated by the combining circuit 
so that the signal currents from 30 A and 30 B are addi- 
tive and the signal currents from 30 c and 30 D are sub- 
tractive If this is done, the coil array is operated so that 

30 the current flow relative to the well borehole includes 
all directions 360° around the well borehole. In other 
words, directional preferences are avoided. This can 
be done with the four coils 30 which are input to the 
combining circuit 40. In summary, the circuit 40 oper- 

35 ates to connect the four coils 30 so that they operate 
in the traditional fashion heretofore. Consider, how- 
ever, another sequence of operations for the circuit 
40. Assume that the azimuthai preference is desired. 
In that instance, the combining circuit operates so that 

40 the signal currents from 30 A and 30 c are additive, 
while the signal currents from 30 B and 30 o are sub- 
tractive. In summary, the combining circuit operates 
to define the azimuthally directed rectangular toroids 
made of four coil segments in one version and gener- 

45 ate an appropriate output signal, while also operating 
to define two receiver toroidal sections in traditional 
fashion and generating another appropriate output 
signal. Periodically, it is important to operate the 
directional sensors 20 to provide outputs which indi- 

50 cate the relative position in space of the drill collar 
supporting the MWD equipment. Fig. 1 is idealistic in 
the sense that it shows a vertical well borehole which 
is normal to horizontal formations adjacent to the 
borehole. Either unintentionally or subject to control, 

55 the well may be deviated slightly or substantially. In 
this process, it is important to know the relative angu- 
lar position in a three dimensional coordinate system 
of the drill collar so that the directional sensors 20 
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form such indications whereby the position of the well 
in space is identified. Assume, for instance, that the 
drill collar is substantially horizontal and is travelling 
through a particular formation in horizontal direction 
and that the formation is also horizontal. It will then be 
defined by upper and lower bed boundaries. Assume 
further that there is a contrast in resistivity between 
the formation and the adjacent formations which 
sandwich this formation. Under that assumption, the 
position of the borehole through the formation is 
important, and particularly it should be located relative 
to the top and bottom interfaces of the formation. If 
there is a difference in resistivity, there will be a res- 
ponse in the resistivity measurement which is focused 
by the azimuthaily preferential toroids on the drill col- 
lar. Assume, for purposes of illustration, that the 
azimuthal toroids of interest are directed in a vertical 
plane parallel to the tool axis At this juncture, how- 
ever, since the well has deviated vertical to horizontal, 
this will obtain a reading which is directed at one 
instant upwardly or out of the formation toward the top 
boundary or interface above the horizontal well. The 
drill string may be subsequently rotated so that the 
direction of preference is downwardly. Signals from 
the sensors 20 are important to determine the relative 
angular orientation in space of the drill collar. In this 
particular instance, the coils 30 are operated to make 
measurements in the direction of preference, and 
specifically make a differential measurement between 
opposite rectangular tore id windows. 

Another mode of operation is to make measure- 
ments using a single rectangular toroid window. This 
would thus involve a measurement from the window 
defined by the coils 30 8 and 30 c . In other words, the 
window may provide a single directional resistivity 
measurement. However, in the previously described 
embodiment, the windows are on opposite sides of 
the drill collar, and the differential current sensing 
rather sharpens the directional preference otherwise 
involved in the rorating coils of this embodiment. 

As can be understood, the combining circuit is 
thus operated to group the coils in an additive or sub- 
tractive arrangement. In some instances, one or the 
other signal is not required and may be removed from 
the data flow by switching. Moreover, the switching 
occurs subject to a patern which can be readily input 
to the multiplexer 42. To this end, switching circuits 
are provided with switch control signals either from 
the surface or from a repetitive pattern which is stored 
in the MWD equipment. These signals simply direct 
the control of the switches to accomplish the results 
just described. 

Describing the combining circuit 40 in more detail, 
the sensed currents in coils 30 A and 30 c are combined 
in opposite polarity by means of an anti-parallel con- 
nection and an input to an operational amplifier and 
feedback resistor R, configured to perform a current- 
to-voltage transformation. This conversion technique 



is well known in the art of electronic amplifier design. 
Similarly the coils 30 B and 30 D are connected to a 
similar amplifier, the two signal voltages now being 
supplied to a summing amplifier (for normal resistivity 

5 mode) and a difference amplifier (for the azimuthaily 
sensitive mode). Thus, the two signal outputs are 
available simultaneously to the multiplexer for trans- 
mission to the surface. While the foregoing is directed 
to the preferred embodiment, the scope is determined 

w by the claims which follow. 



Claims 

15 1 . A coil array for a MWD resistivity logging system 
wherein the coils are for installation on an elon- 
gate generally cylindrical support member (12), 
the coil array comprising a pair of first (30) and 
second (32) circumferential coil support forms 

20 each of which supports separate first (A,C) and 
second (B,D) coils thereon and wherein said first 
circumferential form (30) is to be positioned at a 
specified location along said support member, 
and said coils (A,B) are diametrically oppositely 

25 wound thereon, said second and parallel circum- 
ferential coil support form (32) has its two coils 
(C,D) diametrically oppositely wound thereon, 
and wherein all of said coils are collectively con- 
nected to switching means (40) for combining sig- 

30 nals therefrom and for generating signals 
corresponding to various connections of the sev- 
eral coils. 

2. An array according to claim 1, which is installed 
35 on a cylindrical support member (12). 

3. Apparatus according to claim 2, wherein said coil 
support forms (30,32)are spaced apart along said 
cylindrical support member (1 2), thereby defining 

40 a space between said coil support forms, and 
wherein said coil support forms further have two 
pairs of diametrically opposed parallel framing 
members (34,36,38,39) extending between said 
coil support forms so that two azimuthaily direc- 

45 ted windows are defined thereby and wherein 
each of said windows includes at least one coil 
wound along a parallel side of said window. 

4. Apparatus according to claim 3, wherein one of 
so said coils (A,B) is at the top of said window and 

is supported on one of the coil support forms (30) 
and the other of said coils (C,D) is at the bottom 
edge of said window and is supported by the other 
of said coil support forms (32). 

55 

5. Apparatus according to claim 3 or 4, wherein the 
or each window is directed along a particular 
azimuth relative to the axis of said cylindrical sup- 
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port member (12) and said support member is 
rotatable about the axis thereof so that said win- 
dow is rotatable about the central axis of said 
cylindrical support member. 

5 

6. Apparatus according to claim 5 f wherein the or 
each said window subtends an included angle 
from the axis of said support member that defines 
a solid angle for rotational focussing of current 
sensing. 10 

7. Apparatus according to any of claims 1 to 6, whe- 
rein each of said coil support forms (30,32) com- 
prises high permeability magnetic material that 
confines and directs magnetic flux within said 15 
coils. 

8. Apparatus according to claim 2, wherein said coil 
support forms (30,32) are spaced above and 
below a defined region of the cylindrical support 20 
member (12) and that region encloses a pair of 
azimuthally preferential windows which are 180° 
diametrically opposite one another. 

9. A method of sensing current flow relative to a 25 
resistivity logging system supported in a MWD 
apparatus, the method comprising the steps of: 

(a) positioning at least a pair (A,B;C,D) of 
diametrically opposed separate coils at diffe- 
rent circumferential azimuths but on a com- 30 
mon coil support form (30,32) about a 
circumference of a drill collar (12); and 

(b) combining additively or substractively 
according to a predetermined relationship cur- 
rents flowing in the individual coils on the coil 35 
form to sense symmetrical current flow in all 
directions around the coil form or to controll- 
ably provide azimuthally preferential current 
sensing. 
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